In many flowering plants, such as petunia (Petunia 3 hybrida), ethylene produced in floral organs after pollination elicits a series of physiological and biochemical events, ultimately leading to senescence of petals and successful fertilization. Here, we demonstrate, using transgenic ethylene insensitive (44568) and Mitchell Diploid petunias, that multiple components of emission of volatile organic compounds (VOCs) are regulated by ethylene. Expression of benzoic acid/salicylic acid carboxyl methyltransferase (PhBSMT1 and 2) mRNA is temporally and spatially down-regulated in floral organs in a manner consistent with current models for postpollination ethylene synthesis in petunia corollas. Emission of methylbenzoate and other VOCs after pollination and exogenous ethylene treatment parallels a reduction in PhBSMT1 and 2 mRNA levels. Under cyclic light conditions (day/night), PhBSMT mRNA levels are rhythmic and precede emission of methylbenzoate by approximately 6 h. When shifted into constant dark or light conditions, PhBSMT mRNA levels and subsequent methylbenzoate emission correspondingly decrease or increase to minimum or maximum levels observed during normal conditions, thus suggesting that light may be a more critical influence on cyclic emission of methylbenzoate than a circadian clock. Transgenic PhBSMT RNAi flowers with reduced PhBSMT mRNA levels show a 75% to 99% decrease in methylbenzoate emission, with minimal changes in other petunia VOCs. These results implicate PhBSMT1 and 2 as genes responsible for synthesis of methylbenzoate in petunia.
In many flowering plants, such as petunia (Petunia 3 hybrida), ethylene produced in floral organs after pollination elicits a series of physiological and biochemical events, ultimately leading to senescence of petals and successful fertilization. Here, we demonstrate, using transgenic ethylene insensitive (44568) and Mitchell Diploid petunias, that multiple components of emission of volatile organic compounds (VOCs) are regulated by ethylene. Expression of benzoic acid/salicylic acid carboxyl methyltransferase (PhBSMT1 and 2) mRNA is temporally and spatially down-regulated in floral organs in a manner consistent with current models for postpollination ethylene synthesis in petunia corollas. Emission of methylbenzoate and other VOCs after pollination and exogenous ethylene treatment parallels a reduction in PhBSMT1 and 2 mRNA levels. Under cyclic light conditions (day/night), PhBSMT mRNA levels are rhythmic and precede emission of methylbenzoate by approximately 6 h. When shifted into constant dark or light conditions, PhBSMT mRNA levels and subsequent methylbenzoate emission correspondingly decrease or increase to minimum or maximum levels observed during normal conditions, thus suggesting that light may be a more critical influence on cyclic emission of methylbenzoate than a circadian clock. Transgenic PhBSMT RNAi flowers with reduced PhBSMT mRNA levels show a 75% to 99% decrease in methylbenzoate emission, with minimal changes in other petunia VOCs. These results implicate PhBSMT1 and 2 as genes responsible for synthesis of methylbenzoate in petunia.
Many flowers exhibit a colorful display of petals and emit a complex mixture of floral volatile organic compounds (VOCs) that are together attractive to both pollinators and humans. Regulation of floral volatiles corresponds to pollinator activity times and receptivity of the flower to a pollination event (Dudareva et al., 2000; Schiestl and Ayasse, 2001) . In many flowers, physiological changes take place following pollination and fertilization including petal wilting and abscission, color changes, flower closure, fruit development, and seed development (for review, see O'Neill, 1997) . The plant hormone ethylene has been shown to coordinate several of these postpollination processes in many different plant species (van Doorn, 1997) .
In many plants, ethylene is synthesized and perceived in a localized, specific, and reproducible manner after pollination, underscoring the importance of understanding the progression of events and role of ethylene during pollination and fertilization. Petunia (Petunia 3 hybrida) is an excellent model system for studying postpollination responses because ethylene synthesis has been well characterized (Hoekstra and Weges, 1986; Tang and Woodson, 1996; Jones et al., 2003) and components of the ethylene-signaling pathway have been investigated (Wilkinson et al., 1997; Shibuya et al., 2004) . In petunia, ethylene synchronizes pollen tube growth (Holden et al., 2003) and petal wilting (Hoekstra and Weges, 1986; Gubrium et al., 2000) . An initial burst of ethylene is produced from the stigma/style within 2 to 4 h after pollination (Hoekstra and Weges, 1986) , when pollen tubes have just started to germinate and grow into the stigma (Tang and Woodson, 1996) . This is followed by sustained, autocatalytic ethylene production from the stigma/style and ovary, beginning approximately 12 h after pollination and peaking at 24 h after pollination. Ethylene production from the corolla is induced during this second phase between 24 and 36 h after pollination (Jones et al., 2003) . The second phase of ethylene synthesis, which corresponds with the timing of fertilization, is responsible for corolla senescence (Hoekstra and Weges, 1986) .
Floral fragrance is composed of low M r VOCs that, together with other floral cues, are thought to stimu-late pollinator activity. Floral VOCs are derived from multiple biosynthetic pathways in plant cells and include benzenoids, fatty acid derivatives, isoprenoids, and others (Knudsen et al., 1993) . In flowers of some plant species, the availability of pollinator rewards and quality and intensity of the fragrance has been reported to reflect the pollination status (Burquez and Corbet, 1991; Schiestl and Ayasse, 2001) . Postpollination changes in fragrance have been described for orchid (Platanthera bifolia: Tollsten, 1993; Ophyrys sphegodes: Schiestl and Ayasse, 2001) and recently for petunia and snapdragon (Antirrhinum majus) flowers (Negre et al., 2003) . The changes in VOC emission presumably direct pollinators to unpollinated flowers. In petunia, the floral VOC methylbenzoate (MeBA) decreases after pollination (Negre et al., 2003) . Genes characterized in vitro to catalyze MeBA synthesis, S-adenosyl-L-methionine:benzoic acid/salicylic acid carboxyl methyltransferases (PhBSMTs), also show decreased expression after pollination and exposure to ethylene in whole flowers, implicating a role for ethylene in regulating this process.
In this study, we investigated the physiological importance of ethylene in the regulation of floral volatile synthesis after pollination in petunia cv Mitchell Diploid (MD) and ethylene-insensitive CaMV35S:: etr1-1 (44568). PhBSMT1 and PhBSMT2 expression were examined in detail in individual floral organs after ethylene treatments and pollination. Our results indicated not only that PhBSMT expression and MeBA emission were ethylene regulated in a temporal and spatial manner, but also that there was additional rhythmic regulation that appeared to be controlled by both light and circadian factors. Changes in floral VOC emission after pollination provided strong evidence for ethylene regulation and rhythmic emission of overall floral VOC synthesis. The biochemical function of PhBSMT1 and 2 in vivo was determined using an RNAi approach to complement in vitro enzyme assays (Negre et al., 2003) and to support expression studies shown here. The physiological implications of this complex floral volatile regulation are discussed.
RESULTS

Floral VOC Emission Is Spatially Regulated
To determine how each part of a flower contributes to the overall aroma of petunia flowers, emission of VOCs was measured from individual floral organs (Fig. 1 ). Volatiles were collected between the hours of 7 PM and 8 PM at night from whole flowers, flowers with the limb removed, flowers with no corolla, and the gynoecium only. While there were measurable amounts of VOCs emitted from all floral organs tested, VOC production was primarily localized to the corolla and more specifically the petal limb ( Fig. 1 ; Verdonk et al., 2003) . These data show that VOC emission is spatially regulated in petunia floral organs.
Spatial and Temporal PhBSMT1 and PhBSMT2
Regulation in Petunia Flowers
Petunia flowers spatially and temporally produce ethylene in response to pollination in order to coordinate postpollination changes in the individual floral organs (Hoekstra and Weges, 1986; Holden et al., 2003; Jones et al., 2003) . PhBSMT expression levels were measured in individual floral organs of MD and transgenic ethylene-insensitive 35S::etr1-1 (44568) to examine the spatial and temporal pattern of mRNA regulation after pollination and exogenous ethylene treatments. A real-time reverse transcription (RT-PCR) assay (TaqMan) was developed to allow us to measure the PhBSMT1 and PhBSMT2 mRNAs separately. The TaqMan primers and probes were designed to the 3#-untranslated region of each PhBSMT since this is the most divergent region be- Figure 1 . Volatile emission patterns (mean 6 SE; n 5 3) from MD floral organs. VOCs were collected from whole flowers, flowers with petal limb excised (2limb), limbs only, flowers with excised corollas (SSOSR 2 stigma/style, ovary, sepals, and receptacle), and ovary 1 sepals 1 receptacle (OSR). Floral organs are explained in the picture to the right: L, petal limb; T, petal tube; SS, stigma/style; OV, ovary; R, receptacle.
tween the 2 genes (65% identity). Expression of both PhBSMT1 and PhBSMT2 was highest in the petal limbs compared to the other floral organs (expression highest in petal limb . petal tube . ovary . stigma/ style). PhBSMT1 and PhBSMT2 mRNA comprised between 0.3% to 0.6% and 0.6% to 0.8% of total RNA in petal limbs, respectively (Figs. 2, 3 , and 4). Beginning 2 h after ethylene treatment and through the subsequent time course, the greatest decrease in both PhBSMT mRNAs was observed in the ovaries, petal limbs, and petal tubes in MD (Fig. 2) . By 10 h, expression of both genes was reduced and maintained at low levels through the remainder of the experiment. There was a small decrease in mRNA levels in 44568 petal tube and ovary, but the magnitude of decrease was not as great as observed in MD. This decrease could possibly be due to some other type of regulation or effect, such as a small amount of residual ethylene sensitivity in these tissues, which has been reported in previous experiments with these plants (Clark et al., 1999) . These results indicate that ethylene downregulates expression of PhBSMT1 and PhBSMT2 in all organs of petunia flowers. Down-regulation in response to ethylene is rapid and is maintained in the corolla limb, the primary site of VOC emission.
Since ethylene production is spatially and temporally regulated after pollination (Jones et al., 2003) , spatial expression of PhBSMT1 (Fig. 3) and PhBSMT2 (Fig. 4 ) in individual floral organs was examined over a time course after pollination. Down-regulation of both PhBSMTs was observed in MD stigma/styles beginning approximately 2 h postpollination. At 10 h postpollination, expression of both PhBSMT1 and PhBSMT2 was reduced in the ovary, compared with corresponding expression in nonpollinated flowers. This decrease occurred as the first burst of ethylene was produced from the stigma/style during pollen tube growth. Subsequently, PhBSMT down-regulation was observed 24 h postpollination in the ovary, petal tube, and limb. This corresponded to the time of fertilization when the stigma/style, ovary, and corolla are all producing ethylene, which induces subsequent corolla senescence (Hoekstra and Weges, 1986; Jones et al., 2003) . Overall, temporal and spatial ethylene evolution described for petunia (Hoekstra and Weges, 1986; Tang and Woodson, 1996; Jones et al., 2003) corresponded with decreases in PhBSMT levels in the organs producing ethylene and in organs in close proximity. Expression of both PhBSMTs in the ovary, petal tube, and petal limb of the ethylene-insensitive 44568 line was ultimately not different between pollinated and nonpollinated flowers. These data show that ethylene is the primary signal for terminating PhBSMT accumulation in a sequential manner in floral organs after pollination in petunia.
Floral VOC Emission in Response to Exposure to Ethylene and Pollination
We characterized the production of seven major floral VOCs in response to exogenous ethylene and pollination. Most of the floral VOCs were reduced to almost negligible levels within 10 h of ethylene treatment in MD, but not in 44568 (Fig. 5 ). After pollination, Figure 2 . PhBSMT1 and PhBSMT2 % mRNA levels (mean 6 SE) after treatment with exogenous ethylene (2-3 mL L emission of overall floral VOCs was virtually identical for nonpollinated and pollinated MD and 44568 flowers for the first 24 h (Fig. 6) . At 36 h after pollination, emission of most VOCs was significantly reduced in MD-pollinated flowers but not in flowers of any other treatments. This corresponded to a time after the second burst of ethylene was produced in the ovaries and corolla after fertilization. Floral volatiles that decreased in response to both of these treatments included MeBA benzaldehyde, phenylacetaldehyde, benzyl alcohol, 2-phenylethanol, iso-eugenol, and benzyl benzoate. Iso-eugenol and benzyl alcohol were the least affected of all of the volatiles measured. These results show there is a coordinated downregulation of overall floral volatile emission that is dependent upon ethylene signaling. 
Substrate Regulation in Response to Pollination and Ethylene Treatments
While regulation of VOC emission by exogenous ethylene and pollination via mRNA levels may be a key point of regulation in petunia, it is likely that other factors such as substrate availability may also regulate this process. To address the possibility of substrate level regulation of MeBA emission, benzoic acid (BA), salicylic acid (SA), and cinnamic acid (CA) levels were measured in MD and 44568 corollas after pollination (Table I) . BA and CA levels increased from 0 h to the 36 h time point in corollas from all treatments except those collected from pollinated MD flowers (Table I) , similar to rhythmicity in BA levels observed by Kolosova et al. (2001) . However, at 36 h after pollination, BA and CA were approximately 4-and 7-fold lower, respectively, in pollinated MD corollas compared with all other samples. SA levels were affected to a lesser degree, with a less than a 2-fold decrease after pollination in any sample. These results indicate that, in addition to its control over PhBSMT expression, ethylene exerts control of MeBA emission at the substrate level.
Rhythmic PhBSMT mRNA and MeBA Emission
The pollination time course experiments also indicated that MeBA emission and mRNA expression is rhythmic over time in petunia. This is in agreement with observations of MeBA emission by Kolosova et al. (2001) and Verdonk et al. (2003) . In many cases, rhythmic biological patterns indicate the possibility of a circadian-regulated process. To further examine the multiple factors regulating MeBA synthesis, we collected floral volatiles and measured PhBSMT mRNA levels through normal day/night cycles and then in continuous dark or light for an extended period. Both experiments demonstrated that PhBSMT expression and MeBA emission are rhythmic with expression peaking approximately 6 h prior to peak emission for the measured time points (Fig. 8) , thus further indicating that emission of MeBA is tightly Figure 5 . Regulation of major volatiles from petunia in MD and ethyleneinsensitive 44568 in response to ethylene (mean 6 SE; n 5 3). Flowers were treated with ethylene (E), air (A), or nontreated (NT). Air-treated control flowers were treated the same as ethylene-treated flowers, except no ethylene was added to the chambers and KMnO 4 was included in the chamber. controlled by PhBSMT transcript level. When the plants were placed in complete darkness for an extended period, emission of MeBA was greatly reduced, but emission did continue through one oscillation 6 h after a relatively small increase in PhBSMT expression (Fig. 7) . When the plants were placed in continuous light, PhBSMT expression and MeBA emission remained high after oscillating through one cycle (Fig.  8) . The dampening of robust cycling the first day the plants were placed in the dark while cycling was maintained the first day in continuous light indicates that PhBSMT1 and PhBSMT2 expression and MeBA emission are influenced primarily by light and to a lesser degree by circadian factors.
Analysis of RNAi PhBSMT Transgenic Petunias
While there are multiple volatiles in petunia flowers whose synthesis is affected after pollination, we chose to focus on MeBA because we had isolated two PhBSMT cDNAs, characterized enzyme activity in vitro (Negre et al., 2003) , and MeBA was the most prominent VOC in the volatile profile of MD petunia flowers. RNAi mediated posttranscriptional gene silencing of PhBSMT was employed to determine if the petunia PhBSMT1 and PhBSMT2 genes encode enzymes responsible for MeBA synthesis in vivo. Southern blots indicated that there are two BSMT genes present in the petunia genome. Since the coding regions of these 2 genes were so similar (99% identical), the RNAi construct targeted both PhBSMT1 and PhBSMT2. Eleven primary T 0 transgenic lines were selected having significantly reduced MeBA levels and PhBSMT1 and PhBSMT2 expression. T 1 progeny from five independent transgenic lines showed reduced MeBA levels ( Fig. 9 ) based on the corresponding presence of NPTII, reduced accumulation of both PhBSMTs, and reduced MeBA emission. These lines emitted between 75% and 99% less MeBA and had a 30% to 99% reduction in PhBSMT1 and 70% to 99% reduction in PhBSMT2 compared to those of MD control flowers (Fig. 9) . Additionally, PhBSMT levels directly corresponded with the amount of MeBA emitted; flowers from transgenic lines with the most reduced PhBSMT levels emitted the least MeBA. The petal limb was the primary site of VOC emission in these transgenic lines, similar to MD control flowers ( Supplemental Fig. 1) ; thus, the spatial location of VOC synthesis was not significantly altered in these transgenic plants. We did observe some variation in the levels of other VOCs in a few of the transgenic lines ( Fig. 10; Supplemental Fig. 1 ). There were no consistent trends for the variation in these other VOCs and the changes appeared to be minimal within the spring and summer seasons. However, we have observed some seasonal variation in VOC emission in petunia. It should be noted that the VOCs emission presented in the supplemental figure were collected in the winter season while all others were collected in spring and summer.
Since the RNAi PhBSMT petunia plants were lacking the major component of the volatile profile with minimal changes in other floral VOCs (Fig. 10) , we tested to see if humans could perceive a difference between the fragrances of flowers from the RNAi PhBSMT (BSMT9-9, T 1 plants) and MD control flowers. A human sensory panel was able to discriminate the differences in floral fragrance of the MeBA knockouts from MD fragrance. In this panel, 80% of the participants were able to correctly detect a significant difference between MD fragrance and BSMT9-9 fragrance at a probability of ,0.1% (Supplemental Table I ). Overall, the participants commented negatively on the floral fragrance of BSMT9-9 flowers, with a general consensus that they had less fragrance than MD flowers.
DISCUSSION
The petunia floral volatile synthesis profile is complex and regulated at many levels. There are factors that direct tissue specificity, ethylene sensitivity, and rhythmic regulation. Petunia VOCs are emitted primarily from the corolla limb with lower emission from other floral parts. Six of these volatiles exhibited temporal down-regulation after pollination and ethylene treatments. The down-regulation of VOC biosynthesis by ethylene is physiologically meaningful because the timing of regulation corresponds to the second major phase of pollination-induced ethylene production, when ethylene is simultaneously being produced from multiple floral organs as a result of a successful fertilization event. These results demonstrate that ethylene sensitivity regulates total floral fragrance output in addition to controlling petal senescence. Once the flowers are pollinated, they begin making ethylene, Figure 7 . Mean (6SE; n 5 2) rhythmic mRNA levels of PhBSMT1 and PhBSMT2 (A) and mean (6SE; n 5 2) rhythmic emission of MeBA (B) through 2 regular day/night cycles and then transfer to continuous darkness. which leads to petal senescence and a reduction in fragrance VOC synthesis and emission. This occurs as the flowers transition into a new phase of development from an attractive phase to one of seed production. Floral VOC emission is spatially regulated in petunia flowers, and the greatest amount of VOCs were collected from the corolla limb. Emission of many VOCs was reduced at least 20-fold when the limb was removed from the flower. Perhaps this is the primary site of emission since there is such a large exposed surface area for VOCs to disperse into the surrounding environment. It appears from these data that the corolla is specialized for VOC synthesis and emission in petunia, making it similar to snapdragon (Kolosova et al., 2001 ). While VOC emission was much lower from other floral parts (gynoecium and sepals), there were still measurable amounts of these chemicals being emitted. Lower PhBSMT expression levels in these tissues compared with the corolla are consistent with lower levels of MeBA emission. Perhaps emission from these parts contributes to overall fragrance, providing continued surface area for VOC emission. There are also reports that some VOCs have a signaling role in microbial defense (Chen et al., 2003) where lower levels would be biologically meaningful. It is possible that these volatiles not only attract pollinators, but also serve a role in defense against microbial invasion of floral parts until fertilization is achieved. A defensive type of role also may be important in an area where sugar-rich nectar is produced and accumulated and is thus more prone to microbial growth.
PhBSMT1 and PhBSMT2 were both down-regulated rapidly in response to exogenous ethylene and pollination in all MD floral organs, but not in ethyleneinsensitive 44568 floral organs. Studies in petunia, Phalaenopsis spp., and carnation have shown that ethylene synthesis is temporally and spatially regulated in the flower and coordinates developmental changes such as pollen tube growth, petal senescence, and ovule development (O'Neill et al., 1993; Tang and Woodson, 1996; Bui and O'Neill, 1998; Jones and Woodson, 1999; Holden et al., 2003; Jones et al., 2003) . Results presented here, combined with Negre et al. (2003) , show that ethylene has direct control of VOC biosynthesis. Models for postpollination regulation of ethylene synthesis indicate that pollination induces ethylene synthesis first from the stigma/style, then from the ovary at fertilization, followed by the corolla. Here, we show that the temporal and spatial down-regulation of both PhBSMT1 and PhBSMT2 in the floral organs follows this sequential pattern of postpollination ethylene production observed in petunia (Tang and Woodson, 1996; Jones et al., 2003) . These data also suggest that the ethylene gas produced from the stigma/style may regulate ethylene-sensitive processes in the corolla due to the close proximity of these organs in petunia (Fig. 1) . Down-regulation of PhBSMT2 begins as early as 10 h in the MD petal tube, a time when ethylene is produced from the stigma/style (Jones et al., 2003) . Kolosova et al. (2001) localized the snapdragon BA carboxyl methyltransferase to the conical cells of the inner epidermis of the petals. In petunia, these cells would be in the immediate vicinity to ethylene produced from the stigma/style. These data suggest that ethylene produced in the stigma/style likely regulates PhBSMT2 in the petal tube after pollination. . RNA interference of petunia PhBSMT1 and PhBSMT2 reduces MeBA emission. Mean (6SE; n 5 3) MeBA emission (black bars, left axis) and % mRNA levels (right axis) of PhBSMT1 (white bars) and PhBSMT2 (gray bars) in flowers of MD control and T 1 progeny from 5 independent transgenic lines 4-1, 18-4, 24-3, 9-9, and 14-15.
Another layer of regulation of MeBA emission in petunia occurs at the substrate level. Free BA and CA levels decreased in pollinated MD corollas compared with corollas from nonpollinated control flowers (Table I ). These data indicate that the decrease in MeBA synthesis after pollination results from both decreased substrate levels and decreased PhBSMT expression. After pollination, these substrates may be used in other processes or remobilized to other organs, resulting in the measurable decrease observed in corollas. There was little difference in BA levels in 44568 after pollination, suggesting that ethylene has a central role in controlling BA levels in the corollas. These results, combined with the observation that ethylene down-regulates emission of most floral VOCs in petunia, suggest that genes encoding enzymes upstream of MeBA or enzymes involved in the biosynthetic pathways of the other floral VOCs may also be down-regulated by ethylene. If this is the case, it will be imperative to determine whether there are common transcription factors influenced by ethylene that recognize common promoter elements in these genes. Levels of SA were relatively low compared with BA and CA and were not influenced to the same degree by pollination or ethylene sensitivity. Since SA is a plant hormone and MeSA is virtually undetectable in petunia flowers, low SA levels would be expected. Additionally, since SA is involved in eliciting cell death and plant defense responses, maintenance of stable SA levels in petals during pollination may assist in promoting ethylene-independent cell death processes or in defensive mechanisms against pathogen infection as the flower senesces around the developing fruit.
The nature of rhythmic MeBA emission was investigated to examine additional relationships between mRNA and MeBA emission and the influence of a possible circadian rhythm on VOC synthesis.
Rhythmic emission of floral VOCs has been demonstrated in multiple species including petunia (Verdonk et al., 2003; Simkin et al., 2004) , rose (Helsper et al., 1998) , Antirrinhum (Kolosova et al., 2001) , and Stephanotis (Pott et al., 2002) . Recently, emission of the floral VOC b-ionone was shown to be regulated by both circadian and light factors in petunia (Simkin et al., 2004) . To demonstrate true circadian control of a process, a robust rhythm must continue under constant environmental conditions (Jones and Mansfield, 1975) . Under normal light/dark conditions, peak PhBSMT expression precedes peak MeBA emission by approximately 6 h. Although PhBSMT expression levels in corollas continued to cycle when plants were placed into constant light or dark conditions, MeBA emission was reduced during constant darkness to minimal levels and was elevated in constant light to maximal levels 1 d after the onset of treatments. These data suggest a role for both light and circadian factors in control of MeBA synthesis. Since light generates energy in plants and methylation is a metabolically expensive process (Atkinson, 1977) , it is possible that light regulation of the PhBSMT transcripts would help to control the amount of energy spent on MeBA synthesis. Substrate levels also likely have a role in the rhythmic regulation of MeBA, since BA was shown to be rhythmic in petunia (Kolosova et al., 2001 ). An understanding of genes involved in BA synthesis and their regulation will help to address the questions of how these multiple factors regulate MeBA synthesis.
This study examines many aspects of regulation of floral VOC synthesis in petunia, with particular attention given to MeBA synthesis. These data show that PhBSMT expression and MeBA emission are ethylene regulated, pollination regulated, and rhythmically regulated by light and circadian factors. Down-regulation of MeBA synthesis after pollination is controlled by ethylene through decreased mRNA and substrate levels in the corolla and, as observed by Negre et al. (2003) , at the posttranslational level. Reducing the levels of mRNA by RNAi shows that PhBSMT abundance determines how much MeBA is synthesized. While posttranslational regulation does appear to have a role in regulating MeBA (Negre et al., 2003) , decreased mRNA levels are likely to have a key role since this would presumably limit enzyme abundance and disturb the substrate-to-enzyme ratio, thus resulting in decreased MeBA synthesis. Recent results suggest that a similar transcriptional down-regulation is occurring in response to ethylene with at least one or more of the other VOC synthesis genes in petunia (Dexter et al., 2004) . Down-regulation of these genes and their respective volatiles suggest a broad role for ethylene in regulating floral VOC synthesis at the level of transcription. The promoters and regulatory elements of these genes will be of interest for studying factors involved with this complex regulation.
Transgenic plants with decreased PhBSMT mRNA levels emit greatly reduced levels of MeBA, thus demonstrating a role for these genes in MeBA synthe- Figure 10 . Mean (6SE) emission of benzaldehyde, benzyl alcohol, phenylacetaldehyde, methyl benzoate, 2-phenylethanol, iso-eugenol, and benzyl benzoate from MD flowers (n 5 6) and T 1 progeny from 5 independent transgenic lines 4-1, 18-4, 24-3, 9-9, and 14-15 (n 5 3). (Negre et al., 2003) . We measured at least a 32-fold difference in the levels of these 2 substrates in petal tissue (Table I) . Since SA is present at relatively low levels in the petal tissue, methyl salicylate emission is not consistently observed in MD. Consistent with this observation, no change was observed in the status of methyl salicylate in the RNAi lines, while the most notable change was a large decrease in MeBA levels. Many of the transgenic lines exhibited some differences in the levels of other VOCs compared with MD control flowers (Fig. 10) . Many of these benzenoid-type compounds have been shown to be intermediates in benzenoid metabolism in petunia (Boatright et al., 2004) . Therefore, it is likely that disruption of MeBA synthesis could result in a change in levels of these other compounds. Comprehensive studies of how floral VOCs are regulated and the genes responsible for their synthesis are important for understanding floral biology and for potential commercial applications.
MATERIALS AND METHODS
Plant Material
In all experiments, petunia (Petunia 3 hybrida) cv MD was used as the wild-type line and is also the genetic background of ethylene-insensitive 35S::etr1-1 line 44568 (Wilkinson et al., 1997) . Plants were grown in airconditioned glass greenhouses at 25°C day/18°C night. Plants were potted in Fafard 2B potting medium (Fafard, Apopka, FL) in 1.2-L pots and fertilized at every irrigation with 150 mg L 21 Scott's Excel 15-5-15 (Scotts, Marysville, OH).
cDNA Isolation
Three cDNA libraries were constructed from petunia MD whole flowers collected at multiple developmental stages (from early bud to anthesis), ethylene-treated flowers (2.5 mL L 21 ethylene treatments for 30 min and 1, 3, 6, and 12 h), and pollinated flowers (1, 2, 5, 10, 24, and 34 h after pollination). Total RNA was extracted by a phenol:chloroform extraction method with lithium chloride precipitations as described in Ciardi et al. (2000) . Messenger RNA was isolated using Oligotex mRNA purification (Qiagen, Valencia, CA). cDNA libraries were constructed using a l-ZAPII cDNA synthesis kit from Stratagene (La Jolla, CA). Approximately 6,000 clones from these libraries were randomly sequenced. A minimally redundant subset of these clones was used for microarray experiments to find ethylene-regulated genes. From these microarray experiments, the S-adenosyl-L-methionine:salicylic acid carboxyl methyltransferase homologs were isolated as being putative ethylene downregulated cDNAs (Underwood, 2003) . Two full-length cDNAs encoding for putative SAMT orthologs, PhBSMT1 (AAO45012) and PhBSMT2 (AAO45013), were isolated from the cDNA libraries and were used in subsequent experiments. RNA gel-blot analysis was used to verify down-regulation by ethylene and corresponding activity was assayed in vitro with recombinant BSMT proteins (Negre et al., 2003) .
Tissue Treatments and Collections
All ethylene treatments and pollinations were initiated the day after anthesis at 10 AM under sunny weather conditions to help reduce developmental, temporal, and environmental variability. For ethylene and control air treatments, flowers were excised and placed into 1.5-mL centrifuge tubes containing 1.0 mL distilled water. Flowers were sealed in 37.85-L glass chambers and treated with 2 to 3 mL L 21 ethylene. For air treatments, flowers were placed in the same conditions, but no ethylene was added and potassium permanganate (Fisher Scientific, Hampton, NH) was placed in the chambers. 
Spatial and Temporal Analysis of mRNA Expression in Flowers
Spatial and temporal mRNA accumulation was analyzed after ethylene treatments and pollination in petunia MD and ethylene-insensitive 44568. Expression was examined from individual floral organs including petal limbs, petal tubes, stigma/styles, and ovaries dissected from ethylene-treated, airtreated, pollinated, and nonpollinated flowers. The day after anthesis, flowers were either collected for ethylene treatments or pollinated on the plant for the time courses described above. At each respective time point, tissue was harvested, dissected, and immediately frozen in liquid nitrogen and stored at 280°C. Total RNA was extracted using an RNeasy Mini Plant RNA extraction kit with on-column DNase digestion performed during the extraction (Qiagen). RNA was quantified by spectrophotometry, and RNA quality was verified by gel electrophoresis. Real-time RT-PCR was performed for quantification of PhBSMT mRNA transcripts from 100 ng of total RNA using TaqMan One-Step RT-PCR reagents (Applied Biosystems, Foster City, CA). Reactions were conducted in 25-mL volumes in 96-well optical reaction plates on a Gene Amp 5700 Sequence Detection System (Applied Biosystems). Primers and TaqMan probes were designed using Primer Express software (Applied Biosystems). Specificity of each of the primer and probe sets was verified by performing PCR reactions with in vitro transcribed PhBSMT1 template with the primer and probe set specific to PhBSMT2 and vice versa. In vitro transcribed RNA was synthesized using a MAXIscript In vitro Transcription kit (Ambion, Austin, TX) according to manufacturer's instructions. PhBSMT1 and PhBSMT2 were used as templates for in vitro transcription and the tritiated transcripts were collected from separate gels to prevent possible contamination. Primer and probe sequences used for individual detection of each gene corresponded to the 3#-untranslated region of the cDNA and are as follows: PhBSMT1 forward primer, AAATGTCATCATCTCCTTGACCAA; PhBSMT1 reverse primer, CGGATCACTACTAAAATATTCGGGTTT; PhBSMT TaqMan probe, 6FAM-AAGGCACTCAATGTCTATTTTCGGTCGA-BHQ1; PhBSMT2 forward primer, TGTACCAATTCTCTATTGTTGTTTTGC; PhBSMT2 reverse primer, CTGAAAGGACCCCTAGTGTACAAGA; PhBSMT2 TaqMan probe, 6FAM-CTTCATAGGTGGTCGAGGTGCTAATT-TATCTAGTC-BHQ1. TaqMan Real-time PCR reactions were run under the following conditions: 48°C 30 min, 95°C 10 min, followed by 40 cycles of 95°C 15 s and 60°C 1 min. Reactions were repeated twice with one set of RNAs and once with RNA collected from a duplicate set of tissues. PCR reactions of tritiated in vitro-transcribed PhBSMT1 or PhBSMT2 standards were run in duplicate and in tandem with the sample RNAs to generate a standard curve from which the level of each PhBSMT mRNA in the samples was quantified.
Generation of Transgenic PhBSMT RNAi Petunias
Petunia plants were transformed with and generated from one of two different BSMT RNAi constructs. Transgenic lines BSMT-9 and BSMT-14 were generated from transformations that utilized a pHANNIBAL-derived construct (Wesley et al., 2001) . For this construct, the segment between 661 and 1,002 nucleotides of the PhBSMT1 open reading frame was cloned in the sense and antisense orientation to flank the intron in the pHANNIBAL vector. Lines BSMT-4, BSMT-18, and BSMT-24 were generated from the construct SAMJR. For this construct, the region spanning nucleotides 720 to 1,020 and 720 to 1,430 were cloned in the sense and antisense orientation without a flanking intron into the pFMV cloning vector. The RNAi chimeric genes were subsequently cloned into an Agrobacterium transformation vector containing the neomycin phosphotransferase II (NPTII) gene. This transformation vector was introduced into Agrobacterium tumefaciens by triparental mating and used for transforming leaf explants from 5-week-old MD seedlings according to the methods of Jorgensen et al. (1996) . Primary transformants were grown under standard greenhouse conditions, and transgenic plants were selected by PCR for presence of NPTII, reduced BSMT mRNA levels, and reduced MeBA emission. Flowers were self pollinated to produce T 1 progeny from phenotype positive lines that were analyzed for presence of transgene by PCR analysis. T 1 progeny plants from each line were analyzed for phenotypes by measurement of MeBA emission and measurement of BSMT mRNA levels.
Volatile Collection and Analysis
For ethylene treatment volatile collections, flowers were excised and treated with ethylene as described in tissue collection methods. An additional untreated control was included for the ethylene experiments to control for flower excision, induced variability in air, and ethylene treatments. For this control, flowers at the same developmental stages were collected fresh from the plants to compare with air-treated control flowers. For pollinated flower samples, flowers were pollinated on the plant and not excised until the time of volatile collection. Flowers used for spatial volatile analysis were collected from freshly opened flowers in the evening between 8 and 9 PM. Flowers and floral organs were weighed prior to volatile collection. Three flowers were collected per treatment and each time point/treatment was repeated three times. Flowers from the BSMT RNAi screen were collected three times with 3 to 5 flowers/collection at 8 PM for the initial screen and once more with putative positive lines at 12 AM to verify that reduced MeBA emission was reduced when MeBA emission is maximal in MD (Kolosova et al., 2001) . Volatiles were collected for 1 h according to collection protocol described by Schmelz et al. (2001) . Briefly, filtered air was flowed at a constant rate for 1 h over flowers in glass tubes (17 mm 3 61 cm, 127-mL volume) with volatiles collecting on columns with Super-Q resin. Volatiles collected on the Super-Q resin were eluted with methylene chloride (Fisher Scientific). A total of 400 ng nonyl acetate was added to the columns as an internal standard before the volatiles were eluted. Identification of each of the floral volatiles was verified by gas chromatography-mass spectrometry (Schmelz, et al., 2001 ).
BA and SA Extraction and Quantification
BA and SA were extracted and quantified by gas chromatography-mass spectrometry (Schmelz et al., 2003) . Basal control levels of BA may have been overestimated due to trace BA contaminants in analytical grade solvents; however, significant differences between treatment groups were unaffected and remain valid . Petal tissue was excised from MD and 44568 whole flowers after 10 h treatment with 2 to 3 mL L 21 ethylene or 36 h after pollination and stored at 280°C until extraction. Two replicate sets of tissues were used for substrate quantification.
Human Sensory Panels
Human sensory panels were used to determine if differences in fragrance of the reduced MeBA flowers and MD wild-type flowers could be discriminated by human olfaction. The flower samples were prepared from freshly excised flowers at anthesis from MD and knockout line BSMT-9. Excised flowers were placed immediately into 5-mL water agarose blocks, then placed into 210-mL glass jars and sealed with lids for approximately 120 min before testing. A triangle test (Lawless and Heymann, 1998) was performed with 60 human subjects, each randomly given a set of 3 unmarked flowers for sampling of the floral fragrances. Each set of flowers consisted of two flowers of the same genotype and one of the other genotype. The test was performed both with two controls and one transgenic or two transgenics and one control and panelists were asked to judge which flower had a different fragrance. Additional descriptive comments were also solicited from the test subjects to determine if there were preferences in floral fragrance. The statistical significance of the correct number of judgments was determined as described (Lawless and Heymann, 1998) .
Sequence data from this article have been deposited with the EMBL/ GenBank data libraries under accession numbers AAO45012 and AAO45013.
